The degradation of diethyl phthalate (DEP) in an aqueous solution during ozonation was investigated by identifying the oxidation intermediates using GC-MS. The experiments were carried out in semi-batch mode with a 1.5 mg l
INTRODUCTION
Phthalate esters (PEs), which are commonly called phthalates, are widely used as an additive for polyvinyl chloride (PVC) resins, rubber, cellulose and styrene production to improve their flexibility and softness (Page & Lacroix 1995; Staples et al. 1997; Kamrin 2009 ). The worldwide production of phthalate esters has reached more than 5.2 million tons per year (Parkerton & Konkel 2001) . Owing to their high levels of production and utilization, PEs leaching out of water have become persistent organic pollutants in aquatic environments. These compounds have been reported to accumulate in animal fat (Jobling et al. 1995;  is much higher than that of other long-chain PEs (5 £ 10 24 , 11.2 mg l 21 at 258C) (Staples et al. 1997) . Pereira et al. (2006) reported that exposure to a low concentration of DEP for a long period could lead to an enhanced toxic effect by severe hepatocellular damage.
Furthermore, many studies have demonstrated that DEP is difficult to degrade biologically and photochemically (photooxidation half-life time ¼ 7 , 12 years) (Staples et al. 1997) . Therefore, the release of DEP into water environments is an emerging issue in public health.
Several studies have examined the elimination of DEP using advanced oxidation processes (AOPs) involving the generation of the hydroxyl radical (zOH), such as UV/H 2 O 2 (Xu et al. 2007) , TiO 2 /UV (Muneer et al. 2001) , UV/H 2 O 2 / Fe 2 þ (Yang et al. 2005 ) and Fe(III)/solar light (Mailhot et al. 2002) . These studies agree that the reaction of DEP with zOH is dominant for the removal of DEP, indicating that AOPs are effective processes for removing DEP from water.
The ozone process is used widely in drinking water and wastewater treatment because of its powerful oxidation and disinfection ability. In Korea, there are 14 water treatment plants using ozone facilities, which treat from 28,000 to 1,550,000 m 3 /day of drinking water depending on their treatment capacity of water, and its application is increasing gradually (Mun et al. 2005) . Considering these trends, there is a strong need to examine the elimination of DEP in water using the ozone process. However, there have been relatively few studies on the elimination of DEP by ozone.
Although Legube et al. (1984) reported the removal of DEP by ozonation and aeration, the experiment was carried out under limited conditions, such as acidic pH and a mixture solution of water and methanol.
A previous study (Oh et al. 2006 ) investigated the removal efficiency of DEP and its estrogenic efficiency by ozone, UV and combined ozone/UV processes. Of the processes tested, the ozone/UV process showed the highest efficiency for the removal of both DEP and its estrogenic activity. However, the ozone unit process, even in a continuously ozone-injected mode, had difficulty in completely removing the parent compound, DEP. In addition, highly persistent unknown by-product peaks of DEP formed during ozonation were detected by HPLC/UVVisible detection. Moreover, mineralization was remarkably low even at a high ozone dose (480 mg l 21 ), indicating that the oxidation by-products of DEP still remained in solution.
To our knowledge, there has been no detailed study of the DEP degradation pathway by ozonation, even though there are a few reports on the identification of the DEP oxidation intermediates formed in UV, Fe(III)/solar light and UV/H 2 O 2 processes (Balabanovich & Schnabel 1998; Mailhot et al. 2002; Xu et al. 2007) . Therefore, this study examined the degradation pathway of DEP by identifying the oxidation intermediates by GC-MS analysis in the ozone process as well as the effect of the intermediates identified (i.e. phthalic acid and phthalic anhydride) on DEP degradation during ozonation.
EXPERIMENTAL METHODS

Standards and reagents
All reagents used in these experiments were either of the grades recommended by the method or of the purest available quality. DEP (diethyl phthalate, . 99.5%) was purchased from Sigma-Aldrich and phenanthrene-d 10 , as the internal standard, was obtained from Wako Pure
Chemical (Osaka, Japan). As a derivatization reagent for trimethylsilyl (TMS) and methylation, N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) and N-methyl-N-nitro-n-nitrosoguanidine (MNNG) were purchased from GL Science (Tokyo, Japan). The commercial standards (phthalic acid, phthalic anhydride, and 4-hydroxy phthalic acid), which are the intermediates identified in this study, were purchased from Kanto Chemical, Tokyo Chemical Industry and Wako Pure Chemical, respectively.
Extraction procedure for DEP and the intermediates and GC/MS analysis
The intermediates and/or by-products were identified by direct extraction and liquid -liquid extraction (LLE). In the direct method, the ozonated samples (50 ml) according to the reaction time were evaporated completely with a rotary evaporator and 1 ml of acetone was added to the residue of the sample. The residues were dried completely under nitrogen gas. In the LLE method, the ozonated samples (50 ml) were extracted twice using a total volume of 20 ml dichloromethane. The extracts were dehydrated with Na 2 SO 4 and SiO 2 wool and evaporated to 2 ml using a 708C and was held at that temperature for 1 min. The column was then heated to 2808C at a rate of 108C/min and held at that temperature for 3 min. A 2 ml sample volume was injected in splitless mode.
Kuderna
Computational chemistry
The MOPAC (version 2000) program with a CAChe package (Fujitsu Co. Ltd, Japan) was used to calculate the optimum geometry, a frontier electron density (FED) and atom partial charges (PC). The AM1 (Austin Model 1) level
Hamiltonian parameter was used to optimize the stable structures. An initial position for possible zOH attack could be estimated by calculating frontier electron densities and partial electric charge in the DEP structures (Watanabe et al. 2003) . This can provide basic information on the degradation mechanisms of DEP.
Ozonation experiments for DEP
The ozonation of DEP was performed with a cylindrical, semi-batch reactor (Pyrex, 0.5 or 4 l) to examine the removal pattern of DEP and acquire the ozonated DEP solution to identify the intermediates. The ozone reactor system and analysis method of DEP are described in detail elsewhere (Oh et al. 2006) . Briefly, the net ozone dose was set to 1.5 and 4 mg l 21 min with the flow rate fixed at 0.5 l min 21 for DEP oxidation study. A 100 mM DEP stock solution was prepared in distilled-deionized water (DDI).
All DEP solutions, except for the sample of ozone decay test at pH 3, were adjusted to pH 7 with 0.01 M phosphate buffer solution. The sample for the test of ozone decomposition at pH 3 was adjusted with 0.1 N H 2 SO 4 solutions. The residual ozone concentration in solution during ozonation was monitored continuously with a specifically devised 
RESULTS AND DISCUSSION
Identification of oxidation intermediates (PC) of the DEP structure (carbon and oxygen) were calculated using the MOPAC program, from which the initial position of zOH attack toward DEP was estimated.
The C 5 and C 6 carbons in the two C-C bonds connecting a carbonyl group (C-CvO) with the aromatic ring showed the largest frontier electron density (0.286), followed by the carbons (C 2 and C 3 ) in the aromatic ring (0.248 and 0.246).
A higher electron density indicates more electrons in the bonds. Consequently, it was expected that zOH would most likely attack these sites through an electrophilic reaction (Watanabe et al. 2003; Horikoshi et al. 2004; Kaneco et al. 2006) . The hydrolysis of the DEP was estimated from the simulation of the molecular partial charge (Table 1) . Of the intermediates detected, DEP and its intermediates lettered (c), (d) and (j) were confirmed using the reference compounds, phthalic acid, phthalic anhydride and 4-hydroxy phthalate, respectively. The others were us (1996) in that the hydrolysis of phthalates is responsible for the formation of phthalic acid (PA).
In pathway (B), the attack of zOH to the aromatic ring showed a relatively large frontier electron density (FED) leading to the formation of hydroxylated and dihydroxylated products for DEP, products (e) and (f). The further attack of zOH could be given to the aliphatic chains of the hydroxylated and dihydroxylated products. When zOH attacks the positions C 5 and C 6 with the largest frontier electron density, OH-adducted products, such as (h) and (k), are formed. Finally, the aromatic ring is opened, producing intermediates with some acids, such as malonic acid, succinic acid and glutaric acid. 0.8 
Effect of intermediates (PA, PAH) on DEP degradation
The ozone decay patterns in DEP solution were observed in a batch reactor with a 1 mg l 21 (corresponding to 20.8 mM)
ozone dose at pH 3 and 7, and compared with pure water (Figure 4a Regarding the ozone decomposition mechanism, a wide variety of compounds can initiate, promote or inhibit the radical-chain reaction in the ozone process and affect the ozone decomposition rate, and are defined as initiators, promoters and inhibitors, respectively (Bruno et al. 1991) .
The DEP removal patterns were investigated in the presence of methanol, acetate, PA and PAH to examine the effects of PA and PAH formation on DEP removal during ozonation. Of the model chemicals used in this study, methanol was selected as a clean promoter, because it can regenerate the superoxide radical, O 2 2 z, from the hydroxyl radical and promote ozone decomposition (Bruno et al. 1991) . Acetate was used as an inhibitor because it can consume zOH without regenerating O 2 2 z, making the radical chain cycle unsustainable (Bruno et al. 1991) . 
Figure 5 shows the effect of methanol, acetate, PAH and PA on the removal of DEP during ozonation in semi-batch mode, in which the ozone was injected continuously into the reactor at an ozone dose of 1.5 mg l 21 min 21 . Both methanol and acetate clearly suppressed the removal of DEP compared with the DEP unit run. This suggests that both the model promoter and inhibitor acted as zOH scavengers in the semi-batch mode. However, in the case of PAH and PA addition, both intermediates enhanced the rate of DEP removal under the same conditions. This indicates that PA and PAH are initiators, which are compounds capable of inducing the decomposition of ozone and subsequently zOH. Therefore, the PA and PAH formed during DEP ozonation partially promote the degradation of DEP. 
CONCLUSIONS
